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DESCRIPTION 

ARC ELECTRODES FOR SYNTHESIS OF CARBON NANO STRUCTURES 

Technical Field 

The present invention relates to an arc 
electrode structure for synthesis of carbon 
nanostructures, and a method for producing carbon 
nanostruotures therewith. More particularly, the 
Invention relates to an arrangement of electrodes for 
producing an arc-plasma discharge to synthesize carbon 
nanostruotures by consumption of carbon- containing 
electrodes, or by a chemical vapor deposition (CVD) 
process. Carbon nanostruotures that may be produced 
include single wall nanotubes (SWNTs), multi-wall 
nanotubes (MWNTs), fullerenes, endohedral 

metallof ullerenes , carbon nanofibers, and other 
carbon -containing nano -materials - 

Background Art 

In the related art, carbon nanostruotures 
are produced by arc-discharge between one anode and 
one cathode. See, for example: Japanese 11-263609, 
published September 28, 1999; "Growth and Sintering of 
Fullerene Nanotubes" by D,T. Colbert et al.. Science 
Magazine, vol. 266, November 18, 1994; "Fullerene 
Production" by Lowell D. Lamb et al-. Journal of Phys, 
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Chem. Solids, vol. 54, No. 12, pp 1635-143, Elsevier 
Science, Ltd. Great Britain, 1993; and US Patent 
6,063,243. Because only one anode and one cathode are 
used, a limited arc-plasma region is obtainable. 
Further, the electrodes include flat surfaces which 
oppose one another. Because only flat electrode 
surfaces oppose one another, it is difficult, if not 
impossible, to control the direction and region of 
arc-plasma. Consequently, it is difficult to control 
the final carbon nanostructure produced. Further, the 
area outside of the arc-plasma region quickly drops in 
temperature. Due to the limited size of the arc-plasma 
region, and due to the low temperature outside of the 
arc-plasma region, the reaction species are quenched 
quickly, not heat annealed. Such quick quenching of 
the reaction species leads to a high production of 
amorphous carbon and other unwanted species, resulting 
in a low yield of carbon nanostructures . Therefore, 
only short SWNTs may be produced by these apparatuses 
and methods - 

The related art anodes typically are carbon 
rods having catalyst mixed therein. Catalysts having a 
low boiling or sublimation point easily run out of the 
hot electrodes and, therefore, are not fully utilized. 

During soot generation, soot is generally 
deposited on the inner walls of the arc electrode 
chamber and, thus, must be harvested. As noted in 
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"Fullerene Production" by Lamb et al., harvesting soot 
presents T&al health risks. Therefore, soot harvesting 
must be done carefully which typically means slowly 
and at a large expense. Therefore, soot harvestation 
is tough work, especially in big chambers. 

Lastly, in traditional aro-CVD apparatuses, 
organic vapor is Introduced through an inlet other 
than the center of the electrode. That is, in the 
related axt structures, gaseous reaction species are 
introduced to the side of an arc-plasma discharge 
region. See ""Mass production of single -wall carbon 
nanotubes by the arc plasma jet method" , by Ando at 
al.. Chemical Physics Letters 323, Elsevier Science 
B.V. , June 23, 2000- Therefore, the organic vapor is 
not preheated by the hot electrode, and is not 
introduced into the arc plasma region completely and 
evenly, which results in a low yield of SWNTs. Also, 
neither of the electrodes are cooled with the flowing 
organic vapor. Moreover, because the organic vapor 
passes by the side of the arc-plasma region, there is 
both a considerable amount of unused organic vapor, 
aind a considerable portion of the arc-plasma region 
that is under-used. 

In another typical CVD apparatus, gas is 
passed through a rotating tube heated by a furnace. In 
order to keep the tube from melting, however, this 
process can only be performed at about 1000**C. 
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Therefore, due to this temperature limitation, a large 
amount — ^up to about 90% — of the gas is unused or wasted. 
Accordingly, this process has a very low efficiency. 

Disclosure of Invention 

An ob:ject of the present invention is to 
solve the above noted problems in the prior art . More 
specifically, an object of the present invention is an 
arc electrode structure, and related apparatus, which 
solves the above noted problems in the prior art. 
Still another object of the present invention is an 
arc electrode structure for efficiently producing 
carbon nanostructures and, in particular, SWNTs, 
wherein the yield of SWNTs is increased. 

The present invention allows the direction 
and region of arc plasma to be adjusted so that the 
final product is controllable. That is, because the 
present invention Includes an annular electrode having 
a sloped surface, the direction and region of arc- 
plasma easily can be adjusted- Additionally, because 
the electrode includes a sloped surface, it is 
automatically cleaned. That is, deposits, that would 
have otherwise collected on a flat electrode surface, 
slide off of the sloped surface of the present 
invention's electrode, thereby cleaning the electrode 
surface. Further, the sloped surface of the electrode 
includes a plurality of holes therein for holding 
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catalyst, even as it reaches its boiling or 
sublimation point. The holes have varying depths so 
that catalyst is continuously, and unifonnly, 
distributed throughout the arc-plasma region during 
the entire duration of arc -discharge. 

In addition to a sloped surface on one of 
the electrodes, the present invention includes a 
plurality of second electrodes disposed in opposition 
to the first-electrode's sloped surface- The provision 
of at least two second electrodes contributes to the 
adjustability of the direction and region of arc- 
plasma. The second electrodes are positioned so that 
their arcs combine to produce a larger, hotter, eira- 
plasma region which leads to a longer reaction time. 
The longer reaction time, in turn, results in longer 
SWNTs, and an increased yield thereof, 

A further object of the invention is an arc 
electrode structure which allows the carbon 
nanostructures easily to be collected, and heat 
annealed. A first electrode has a central through bore 
therein. The through bore is connected to an outlet 
tube which, in turn, is connected to a collection box 
and a pump. The pump draws the soot through the 
central bore and into the collection box so that soot 
is not deposited on the inner walls of the electrode 
chamber. In such a manner, the soot is easily, safely, 
and quickly collected. Further, as the soot is drawn 
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through the central bore of the hot electrode, it is 
heat annealed, thereby perfecting the nanostructure • 
That is, as the soot travels along the central bore, 
the heat from the electrode allows a longer reaction 
5 time which produces longer SWNTs, and allows the 

removal of dangling bonds on the nanostructure. 

Alternatively, instead of using the first 
electrode's central through bore to remove soot from 
the electrode chamber, the central through bore can be 

10 used to Introduce organic vapor, gas (including inert 

gas), and catalyst into the electrode chamber. That is, 
the apparatus of the present invention may be used to 
build carbon nanostructures , by CVD, from gaseous raw 
materials instead of from breaking apart carbon 

15 electrodes. Thus, by selecting the gasses introduced 

to the arc -plasma region, the type and size of the 
carbon nanostructures easily can be controlled, 
Because the gasses are introduced through the central 
bore in one of the electrodes, they are preheated 

20 before reaching the arc-plasma region, thereby 

increasing the yield of carbon nanostructures. 
Similarly. the introduction of gasses through the 
electrode cools the electrode, thereby increasing 
safety and the electrode's useful life. Further, 

25 because the gasses are introduced through the center 

of the electrode, and the arc -plasma region is located 
above the central through bore, the gasses must pass 

6 
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tlirough the arc-plasma region, and a greater portion 
of the arc-plasma region is used. By introducing the 
organic vapor in such a manner, the amount of unused 
gas is reduced, which, in turn, reduces the cost of 
producing carbon nanostruotures . 

The above and other objects and advantages 
of the present Invention will become more apparent by 
describing in detail preferred embodiments thereof 
with reference to the accompanying drawings, wherein 
like reference numerals designate like or 
corresponding parts throughout the several views. 

Brief Description of Drawings 

Figure 1 is a schematic view of a chamber 
and arc electrodes, according to a first embodiment of 
the present invention, for producing carbon 
nanostructures ; 

Figure 2 is a schematic partial cross- 
sectional view, as taken along line II -II of Figure 1, 
of the arc electrodes; 

Figure 3 is a schematic side view of one of 
the arc electrodes as shown in Figure 1; 

Figure 4 is a schematic view of a chamber 
and arc electrodes, according to a second embodiment 
of the present invention, for producing carbon 
nanostructures ; and 

Figure 5 is a schematic view of a chamber 
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and arc electrodes, according to a third embodiment of 
the present invention, for producing caxbon 
nanostructures . 

5 Best Mode for Carrying Out the Invention 

First Embodiment 

A first embodiment of the present invention 
is shown in Figures 1-3. The apparatus for producing 
carbon nanostructures includes a chamber 1, a first 

10 electrode 20, one or more second electrodes 40, and an 

adjusting mechanism 50. 

The chamber 1 includes walls 2 which bound a 
chamber interior 5. The walls 2 are structured to 
allow a cooling fluid to flow therethrough. The 

15 cooling fluid may be introduced through a cooling- 

fluid inlet port 4, and may exit through a cooling- 
fluid outlet port 8, so as to cool the chamber 
interior 5, Additionally, the chamber 1 includes an 
inlet 6 and an outlet 10 so that a gas atmosphere can 

20 be produced in the chamber interior 5. The gas 

atmosphere may include any of the inert gasses such as, 
for example, helium or argon • Further, the gas 
atmosphere may include hydrogen, or a mixture of 
hydrogen and an inert gas, and is typically about 300 

25 Torr to about 760 Torr. The particular composition of 

the gas atmosphere depends on which carbon 
nanostructure one desires to produce. Further, the 

8 
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chamber additionally includes an observation window 12 
so that the user may observe the first electrode 20 
and one or more second electrodes 40 disposed in the 
chamber interior 5. 

The first electrode 20 includes a first end 
21, a second end 33, and a body 27 extending along a 
longitudinal axis 31 therebetween- The body 27 has a 
blind central bore 29 disposed therein. That is, the 
central bore 29 does not extend entirely through the 
first electrode 20 from the first end 21 to the second 
end 33. The first electrode 20 is connected to a 
voltage potential, and is mounted within the chamber 
interior 5, by a connector 14 mounted to the second 
end 33. 

The first end 21 includes a sloped surface 
23 which slopes toward the central bore 29. The sloped 
surface 23 is disposed at an angle 6 with respect to 
the longitudinal axis 31. See Figure 3. The angle 8 
may be from about 20"* to about less than 60"*, but 
preferably is between about 30^ and about 45**. The 
angle 6 is chosen so that the sloped surface 23 affects 
cleaning of the first electrode 20, and also affects 
the shape of the arc between the first electrode 20 
and the one or more second electrodes 40. 

The sloped surface 23 assists in cleaning 
the first end 21 of the first electrode 20 during 
production of carbon nanostructures . That is, when a 

9 
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voltage is applied across the first electrode 20 and 
the one or more second electrodes 40, deposits tend to 
form on the first end 21- Due to the sloped surface 23, 
however, the deposits slide off of the first end 21 
and into the central bore 29. As angle 6 becomes 
larger, the sloped surface 23 flattens, and deposits 
will not slide off thereof. 

Additionally, the sloped surface 23 assists 
in forming the shape of the arc produced by the first 

20 and second 40 electrodes. When two or more second 
electrodes 40 are used, as is preferred, the sloped 
surface 23 allows the direction and region of arc 
plasma to be adjusted so that the final product may be 
controlled. That Is, as the angle 6 becomes smaller, 
the arc plasma region of each second electrode 40 is 
directed more toward the center of the first electrode 

21 and less of the arc -plasma region is located above 
the end of the second electrode 40, i.e., less is 
located radially outward along the sloped surface 23 
of the first electrode 20. And when the arcs plasma 
regions from two or more second electrodes 40 are 
directed toward the center of the first electrode 21. 
the arcs combine and, thereby, produce an even larger, 
hotter, arc-plasma region which increases the reaction 
time. Consequently, yield and size of carbon 
nanostructures are increased. As the angle B becomes 
large, the first end 21 of the first electrode 20 

10 
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flattens and approaches the conventional art electrode 
structure — ^i.e., that where 9 = 90° — In which it is 
difficult, if not impossible, to control the direction 
and region of arc plasma. 

Further, as shown in Figure 2, the sloped surface 
23 has a plurality of holes 25 disposed thereon. The 
holes 25 hold catalysts used during the production of 
carbon nanostructures . Because catalyst is held in the 
holes 25, it is easy to change catalysts for different 
discharges. That is, the first electrode 20 is not 
consumed during discharge, so the holes 25 retain 
their shape and ability to hold catalyst. Therefore, 
the holes 25 merely need to be cleaned out and filled 
with a new catalyst • 

Each of the holes 25 has a depth of from 
about 2 ram to about 10 mm, but preferably about 5 ram. 
If the holes 25 are too deep, the catalyst will melt, 
settle at the bottom of the hole and, thus, not be 
available for reaction at the sloped surface 23 of the 
first electrode 20. Thus, a depth is chosen so that 
even when the catalyst melts or sublimes, it is held 
in the hole 25 and is close enough to the sloped 
surface 23 so that it can be used. 

Further, each of the holes 25 has a diameter 
from about 3 mm to about 10 mm, when the diameter of 
the first -electrode first end 21 is about 20 cm, and 
the diameter of the central bore 29 is about 4 cm. 

11 
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Preferably, liowever, the diameter of each hole 25 
ranges from about 4min to about 8 mm. If the diameter 
of each hole 25 becomes too large, a sufficient number 
of holes cannot be produced on the sloped surface 23 
and, therefore, a sufficient amount of catalyst is not 
available for reaction. The same is true for either an 
Increase in the diameter of the central bore 29, or an 
decrease in the diameter of the first -electrode first 
end 21, which respectively may range from about 0 cm 
to about 6 cm, and from about 5 csn -to about 30 cm. 
Also, when the diameter of the holes 25 is too large, 
it is difficult to obtain a desirable distribution of 
holes 25 in relation to surface area of the first 
electrode 20* 

Figure 2 shows the holes 25 as having the 
same diameter, but it is not necessary that they do. 
Further, it is not necessary for the holes 2 5 to each 
have the same depth. In fact, it is preferable that 
the holes 25 have different depths so as to 
continuously provide catalyst from the beginning of 
arc-discharge until the second electrodes 40 are 
consumed. That is, some of the holes 25 are shallow so 
that catalyst quickly evaporates therefrom, whereas 
other ones of the holes 25 are deeper so that the 
catalyst evaporates more slowly and over a longer 
period of time. What is important is that the holes 
25 are distributed over the sloped surface 23 so as 

12 
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continuously to supply catalyst, by evaporation, to 
the arc-plasma region from the beginning of arc- 
discharge until the second electrodes 40 are consumed. 
And the more holes 25 that are present, the easier it 
is to achieve such a continuous, uniform, supply of 
catalyst during the arc-discharge. 

Although the first electrode 20 is shown as 
being circular in cross section, any other cross- 
sectional shape may be used such as, for example, 
elliptical, rectangular, square, pentagon, hexagon, 
octagon, etc. Further, in this embodiment, the first 
electrode 20 is made of graphite — to withstand the 
temperature of the arc-plasma region which, during 
operation, is about 4000**C — ^and is connected to a 
negative voltage potential thereby making it the 
cathode . 

Further, the first electrode 20 may be 
rotated during arc-discharge. By rotating the first 
electrode 20, it is easier to supply catalyst 
continuously throughout the time that the second 
electrodes 40 are consumed, and it is easier to 
uniformly supply catalyst to the arc plasma region . 
That is, by rotating the first electrode 20, the holes 
25 — which hold the catalyst — ^re moved through the arc- 
plasma region, and some holes 25 which may be outside 
of the arc-plasma region are brought into and through 
the arc-plasma region. Thus, catalyst is continuously 

13 
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and more evenly distributed throughout the arc-plasma 
region . 

One or more second electrodes 40 are 
disposed in the chamber 1 so as to oppose the sloped 
5 surface 23 of the first electrode 20, When more second 

electrodes 40 are used, a bigger and hotter arc-plasma 
region can be produced. Further, the convergence, or 
overlap, of the arcs makes the arc-plasma region more 
uniform in temperature- Each of the second electrodes 

10 40 includes a first end 41 and a second end 42. The 

first ends 41 are connected to an adjusting mechanism 
50, whereas the second ends 42 oppose the sloped 
surface 23 so as to form a gap 47 between each second 
end and the sloped surface 23. The gap 47 is measured 

15 from the center of the second end 42 to the sloped 

surface 23 along a line perpendicular to the sloped 
surface 23, because the second electrode 40 is quickly 
consumed during aro-disohctrge and obtains a sloped 
surface roughly parallel to that of the sloped surface 

20 23. In this embodiment, the second electrodes are 

connected to a positive voltage potential and, thus, 
are anodes. Further in this embodiment, because 
catalyst is supplied by the holes 25 in the first 
electrode 20, each of the second electrodes may be 

25 made of pure carbon. And pure carbon rods are less 

expensive than ones which include catalyst therein. Of 
course, one or more of the second electrodes 40 may 

14 



wo 02/47109 




PCT/JPOl/10712 



Include catalyst therein even though catalyst is 
supplied by the holes 25 in the first electrode 20. 

The adjusting mechanism 50 connects the 
second electrodes 40 to the chamber 1, eind to a 
voltage potential. The adjusting mechanism 50 includes 
a plate 52, a screw- threaded stud 54, and a nut 56. 

The plate 52 mounts the second electrodes 40 
so that the second electrodes are adjustable with 
respect to one another. That is, when two second 
electrodes 40 are used, they are adjustably spaced by 
a distance 45. The distance 45 is adjustable because 
the second electrodes are mounted to the plate 52 so 
that they may move toward and away from each other in 
the direction of arrow B. Although only two second 
electrodes 40 are shown in this embodiment, any number 
of second electrodes 4 0 may be used. Increasing the 
number of second electrodes 40 increases the possible 
size of the arc plasma region, increases the 
temperature and, hence, increases the mount of carbon 
nanostruotures that can be produced. And when more 
than two second electrodes 40 are used, the plate 52 
includes a mounting structure which allows each of the 
second electrodes 40 to be moved with respect to the 
remaining second electrodes 40 so that the distance 45 
between each of the second electrodes 40 is adjustable. 
In a preferred embodiment of the invention, the 
distance 45 is set to about 8 cm which causes a 

15 



wo 02/47109 




PCT/JPOl/10712 



desirable combination of the arcs. Wlien numerous 
second electrodes 40 are present, they may be set on a 
circle having a diameter of a length equal to that of 
spacing 45. 

Additionally^ the screw -threaded stud 54 is 
attached to the plate 52, and extends through a wall 2 
in the chamber 1. The nut 56 is attached to the screw- 
threaded stud 54 to mount the plate 52 and, hence the 
second electrodes 40, within the chamber interior 5* 
The nut 56 and screw- threaded stud 54 allow the second 
electrodes to be moved in the direction of the arrow A, 
so as to adjust the distance of gap 47. The nut 56 may 
either be adjusted manually, or by an auto -controller 
(not shown), to position the second electrodes 40 in 
relation to the first electrode 20. In a preferred 
embodiment of the invention, the distance of the gap 
47 is set in the range of from about 2 mm to about 5mm, 
and preferably in the range of from about 2 mm to 
about 3 mm. If the gap 47 is too large, no arc will be 
produced, whereas if the gap 47 is too small, only a 
small arc plasma region will be produced. Again, a 
larger sized arc plasma region produces a longer 
reaction time which results in larger carbon 
nanostructures as well as a higher yield of such 
structures . 

The structure of the adjusting mechanism is 
not critical to the invention, and may be any 

16 
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mechanism that allows connection of the second 
electrodes 40 to a voltage potential, as well as one 
which allows adjustment of the distance 45 between 
second electrodes 40, and adjustment of the gap 47. 

A preferred operation, for producing SWNTs, 
using this embodiment of the present invention will 
now be described. 

The first electrode 20, made of graphite and 
having a sloped surface 23 at an angle 9 of about 30° 
with the longitudinal axis 31, is disposed below the 
second electrodes 40, of pure carbon having a diameter 
of about 10mm, so that unwanted deposits are collected 
in the blind central bore 29- 

The holes 25 in the sloped surface 23 are 
filled — usually to their tops — with catalyst such as, 
for example, sulfur, phosphorous, nickel, yttrium, 
cobalt, or mixtures thereof. The type of catalyst 
depends on the type of carbon nano structures to be 
produced. For example, by changing the catalyst any 
one or more of the following carbon nanostructures 
efficiently can be produced: single -wall nano tubes 
(SWNTs); multi-wall nanotubes (MWNTs); fullerenes, 
endohedral metallof ullerenes , carbon nanofibers; and 
other nanostructures. For the production of SWNTs, a 
sulfur catalyst produces larger diameter tubes. An 
important feature of this embodiment is that the 
graphite first electrode 20 easily supplies catalyst 

17 
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to the arc-plasma region because it includes holes 25 
on its sloped surface 23. That is, the catalyst easily 
can be introduced into the holes 25 and, thereafter, 
conveniently is supplied to the arc-plasma region. 
Further, because the first electrode 20 is not 
consumed, the holes 25 hold their shape even during 
arc -discharge. Therefore, the holes 25 hold the 
catalyst even after it reaches its boiling or 
sublimation point; the catalyst does not run out of 
the first electrode 20 . 

The chamber interior 5 is then filled with a 
gas atmosphere Including inert gasses such as He or Ar, 
a gas such as H2, or a mixture thereof. Although any 
inert gas may be used, an atmosphere Including H2 tends 
to produce longer length SWNTs, whereas an atmosphere 
including. He tends to produce shorter ones (note that 
in order to produce fullerenes, a He atmosphere must 
be used) - After the gas atmosphere is produced in the 
chamber interior 5, valves on the chamber inlet 6 and 
chamber outlet ID are closed so as to maintain a 
static gas atmosphere of about 500 Torr of H2. 

The second electrodes 40 are spaced at about 
8 cm from one another which produces a combination arc 
having a large arc-plasma region. The first electrode 
20 and second electrodes 40 are then brought into 
opposition with one another across a gap 47 of about 2 
mm to about 3 mm. 
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Further, the first electrode 20 is connected 
to a negative voltage potential to act as a cathode, 
whereas the second electrodes 40 are connected to a 
positive voltage potential to act as anodes. A direct 
current (DC) voltage of between about 30 and about 35 
volts, with a current of about 200 amps, is then 
applied to the first 20 and second 40 electrodes 
thereby producing an arc -plasma region by arc- 
discharge- The arc-discharge is carried out for about 
30 minutes to about 1 hour to consume the anodes. As 
the second electrodes 40 are consumed, the adjusting 
mechanism 50 is operated to move the second electrodes 
40 toward the first electrode 20 so as to maintain the 
voltage between about 30 and about 35 volts. The soot 
produced by consumption of the electrodes 40 includes 
the desired carbon nanostructures, and is disposed on 
the inner walls 3 of the chamber !• 

Under the above conditions, a soot 
production rate of about 0.3 to about 1 g/min is 
achieved, wherein the yield of SWNTS is greater than 
50 wt%. The SWNTS produced typically are about 1.2 to 
about 1.8 nanometers in diameter, and are greater than 
about 100 micrometers in length. 

Although DC voltage was described in the 
above operation of the apparatus, an alternating 
current (AC) voltage may also be used with the 
apparatus of the present invention- Further, although 
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a current of about 200 amps is preferred, a current 
from about 100 to about 300 amps may be used. 

Second Embodiment 
5 A second embodiment of the present invention 

is shown in Figure 4- Elements similar to those shown 
and described in connection with the first embodiment 
are given like reference numerals euid, therefore, a 
description of such elements is omitted here. 

10 In this embodiment of the present invention, 

the chamber 1 includes an outlet tube 16, a collection 
box 18, and a pump 19. The outlet tube 16 is connected 
to the first electrode 20 and to the collection box 18. 
The collection box 18, in turn, is connected to the 

15 pump 19. Further, the first electrode 20 includes a 

central bore 29' which extends entirely through the 
first electrode 20, and which is connected to the 
outlet tube 16, 

Thus, the interior of the chamber 5 is in 

20 communication with the pump 19 so that soot, produced 

by an arc -discharge between the first 20 and second 40 
electrodes, easily can be collected in the collection 
box 18 by operating the pump 19 to cause a flow from 
the chamber interior 5 to the collection box 18. The 

25 flow rate from the chamber interior 5 is set to a 

value sufficient to prevent an appreciable amount of 
soot from collecting on the inner wall surfaces 3. As 
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the pump 19 draws soot and gas from the chamber 
interior 5, the chamber inlet 6 allows a corresponding 
amount of gas into the chamber interior 5 so as to 
maintain the pressure in the chamber interior 5. 

This embodiment thus has the advantage of 
easily collecting soot. The soot, which includes 
byproducts and the desired carbon nanostructures, is 
collected in the collection box 18 instead of being 
deposited on the inner wall surfaces 3 of the 
collection chamber 1. That is, because an appreciable 
amount of soot is not formed on the inner wall 
surfaces 3 of the chamber 1. a lengthy, costly, and 
perhaps unsafe, soot collection process does not need 
to be carried out. 

A further advantage of this embodiment is 
that the carbon nanostructures are heat annealed as 
they are drawn, together with the soot, through the 
central bore 29' of the first electrode 20. The first 
electrode 20 is heated by the arc-discharge ♦ The 
surface of the first -electrode first end 21 reaches 
about 4000^*0, whereas the body 27 cools as it extends 
away from the first end 21. Therefore, a temperature 
gradient is formed along the central bore 29 ' . As the 
soot is drawn through this temperature gradient, the 
carbon nanostructures in the soot are allowed to react 
longer, and become more perfect. That is, the carbon 
nanostructures are heat annealed, to eliminate 
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dangling bonds, as they are drawn through the central 
bore 29* of the first electrode 20. The longer 
reaction time produced by this embodiment of the 
present invention may also lead to longer nanotubes 
5 and Increased yield. In the production of 

metallof ullerenes , such longer reaction time is 
particularly beneficial- In a preferred embodiment of 
the invention, the central bore 29' is about 30 cm to 
allow for heat annealing of the carbon nanostructures . 

10 Figure 4 shows the first electrode 20 

disposed above the second electrodes 40 so that 
deposits formed on the first electrode 20 slide off to 
the bottom of the chamber interior 5. In such a 
configuration, the catalyst — ^in the amount of about 7.5 

15 to about 20 wt% — is contained in the second electrodes 

40- But the first electrode 20 may be disposed below 
the second electrodes 40 and, thus, operate to supply 
catalyst as in the first embodiment. The advantage of 
being able to supply catalyst with the first electrode 

20 20 may outweigh the disadvantage of collecting 

unwanted electrode deposits along with the desired 
nanostructures, as would occur with the first 
electrode 20 positioned below the second electrodes 40 

25 Third Embodiment 

A third embodiment of the present invention 
is shown in Figure 5. Elements similax to those shown 
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and described in connection with the first and second 
embodiments are given like reference nximerals and, 
therefore, a description of such elements is omitted 
here. However, in this embodiment, carbon 

nanostructures are built up from carbon components 
introduced in a gaseous state. That is, this 
embodiment is a CVD process. 

The chamber 1, for this embodiment, has an 
inlet tube 16', and a chamber outlet 10; a chamber 
inlet 6 is not necessary, but can be included if 
desired. That is, the inlet tube 16' is connected to 
the central through bore 29 ' / of the first electrode 
20, to supply gas to the arc-plasma region and to the 
chamber interior 5. An equivalent amount of gas is let 
out of the chamber 1, through chamber outlet 10, so as 
to maintain constant the pressure in the chamber 
interior 5 during arc -discharge. 

It is from the components of the gas 
introduced through the central bore 29' that carbon 
nanostructures are produced, or are built up. That is, 
a gas containing catalyst and raw material for the 
carbon nanostructures is supplied to the arc-plasma 
region through central through bore 29'. In the arc- 
plasma region, sufficient energy is added to the gas 
to cause a reaction which produces carbon 
nanostructures. Before the gas reaches the arc-plasma 
region, however, it passes through the central 
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throughbore 29' of the first electrode 20, which is 
heated by the arc -discharge. Thus, the gas is 
preheated before it reaches the arc-plasma region. 
Because the gas is preheated, a better yield of carbon 
5 nanostructures is achieved. 

The gas includes catalyst and raw materials 
for the production of carbon nanostructures and, 
therefore, it is easy to control the size and 
production of carbon nanostructures. That is, the 

10 flow rate and concentration of the gas introduced 

controls the type and amount of nanostructures that 
are produced. For example, the gas may include organic 
vapor mixed with inert gas and catalyst. In such an 
arrangement: the organic vapor may include any one or 

15 more of CH4, CH2=CH2, CH = CH, CH3CH2CH3; whereas the 

catalyst may include S, thiol thiophene, CioHioFe, 
CioHioNi, or CioHioCo, used alone or in combination. 
Additionally, in this embodiment, the interior chamber 
5 has an atmosphere which includes H2. because the 

20 hydrogen cleans the surface of the catalyst, thereby 

increasing the yield of carbon nanostructures produced. 
Hydrogen can also be introduced with the organic vapor 
and catalysts. Further, the interior chamber has a 
pressure of about 1 atmosphere. 

25 Although in this embodiment, catalyst is 

introduced in a gaseous state, the catalyst can also 
be contained either in the first electrode 40 or in 
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the second electrodes 40 as i.n the previous 
embodiments. That Is, the catalyst can be added to the 
arc -plasma region In any one or more of the following 
three manners: a) by the gas introduced through the 
inlet tube 16'; b) by the holes 25 in the first 
electrode 20; or c) by the second electrodes 40- 

Further, the structure of the present 
invention leads to an increased efficiency in carbon 
nanostructure production. As noted above, the sloped 
surface 23 of the first electrode 20 allows control of 
the direction and region of arc-plasma. Hence, by 
selecting an appropriate angle 9, second electrode 
spacing 45, and electrode gap 47, the arc-plasma 
region can be uniformly produced over a large area 
above the central opening 29'. Thus, because the gas 
is introduced through the center of the first 
electrode 20, and the arc-plasma region is uniformly 
disposed over the central opening 29', the gas is 
uniformly consumed due to a more complete utilization 
of the entire arc-plasma region. That is, very little 
of the gas Introduced through central bore 29' remains 
unconsumed because the gas must pass through the arc- 
plasma region. Moreover, because the gas is passed 
through an arc-plasma region having a temperature of 
4000**C — which Is much higher than that used in typical 
CVD processes — ^the present invention achieves a much 
higher efficiency than that of typical CVD processes. 
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Thus, carbon nanostructures efficiently can be 
producea with this embodiment of the invention. 

Because the sloped surface 23 allows control 
of the arc-plasma region, it is possible to use only 
5 one second electrode 40, although such is not 

preferred. That is, it is possible to control the 
direction and region of arc-plasma from one second 
electrode 40 so that such arc-plasma region is 
disposed over the central opening 29'. Such arc-plasma 

10 region is not as large as that achieved with two or 

more second electrodes 40, however, and thus does not 
allow as much production capacity, yield, and quality 
of carbon nanostructure as in the case of two or more 
second electrodes 40. 

15 In this embodiment, the main source of 

carbon nanostructure production is by building them up 
from components of a gas — although some are produced by 
consumption of the second electrodes 40. Therefore, it 
is desirable to have a slow consumption of the second 

20 electrodes 40 in order to lengthen the time for arc- 

discharge which, in turn, increases the amount of 
carbon nanostructures which can be produced with one 
set of electrodes 40 . In order to increase the 
duration of arc -discharge, the first electrode 20 is 

25 connected to a positive voltage potential so as to act 

as an anode, whereas the second electrodes 40 are 
connected to a negative voltage potential so as to act 
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as a cathode. That Is, the voltage potentials are 
switched from the arrangements used in the first and 
second embodiments in order to slow consumption of the 
second electrodes 40. 

In this emhodiment, similar to the first 
embodiment, the soot containing carbon nanostruotures 
is deposited on the inner wall surface 3 of the 
chamber 1 . 

It is contemplated that numerous 
modifications may be made to the arc electrode 
assembly of the present invention without departing 
from the spirit and scope of the invention as defined 
in the claims. 
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CLAIMS 

1. An arc electrode assembly, for producing 

carbon nano structures, comprising: 
5 a chamber; 

a first electrode having a first end. a 
second end, and a body extending between said first 
end and said second end, said first electrode being 
disposed in said chamber and being connected to one of 

10 a positive potential and a negative potential; and 

at least two second electrodes each 
having a first end and a second end, said at least two 
second electrodes being disposed in said chamber and 
being connected to a second potential which is the 

15 other of said positive potential and said negative 

potential, wherein said second ends of said at least 
two second electrodes are disposed opposite said first 
end of said first electrode so as to form a gap 
between each of said second electrodes and said first 

20 electrode, 

wherein at least one of said first 
electrode and said at least two second electrodes 
contains carbon , 
2» The arc electrode assembly according to 

25 claJjn 1, wherein said first -electrode body has a 

central bore therein and defines a longitudinal axis, 
further wherein said first -electrode first end 
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includes a sloped surface which extends in a direction 
that is oblique to said longitudinal axis, further 
wherein said second ends of said at least two second 
electrodes are disposed opposite said sloped surface 
so as to form said gap. 

3. The arc electrode assembly according to 
claim 2, wherein said central bore is a blind bore 
extending from said sloped surface into said first- 
electrode body so as to form a bottom surface - 

4. The arc electrode assembly according to 
claim 3, wherein said first electrode is disposed 
below said at least two second electrodes so that 
unwanted byproducts are collected in said central bore. 

5. The arc electrode assembly according to 
claim 2, wherein said sloped surface has a plurality 
of holes formed therein. 

6- The arc electrode assembly according to 

claim 5, wherein said plurality of holes includes 
holes of different depths. 

7. The arc electrode assembly according to 

claim 2, wherein said central bore extends entirely 
through said first electrode so that said first- 
electrode body is tubular, said arc electrode assembly 
further comprising a pump communicating with said 
central bore so as to pump material from said chamber 
through said central bore. 

8- The arc electrode assembly according to 
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claim 7, further comprising a collection box disposed 
between said ptunp and said central bore so as to 
receive material ptimped through said central bore. 

9. The arc electrode assembly according to 
claim 1, further comprising an adjusting mechanism 
connected to said second-electrode first ends and to 
said chamber so that said second electrodes are 
movable with respect to one another and are movable 
with respect to the first electrode, 

10, The arc electrode assembly according to 
claim 1, wherein: 

said first electrode is disposed below 
said at least two second electrodes; 

said first potential is positive so that 
said first electrode acts as an anode, and said second 
potential is negative so that said at least two second 
electrodes act as cathodes; and 

said first- electrode body has a central 
bore therein and defines a longitudinal axis, said 
central bore extending entirely through said first 
electrode so that said first -electrode body is tubular, 
whereby gas can be introduced into said chamber 
through said central bore. 

11* The arc electrode assembly according to 

claim 1, wherein said at least two second electrodes 
are spaced from one another, and are spaced from said 
first electrode so as to produce a converged arc, 
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12. The arc electrode assembly according to 
claim 1, wherein said first electrode is mounted for 
rotation with respect to said at least two second 
electrodes . 

13. The arc electrode assembly according to 
claim 1, wherein said first electrode is made of 
graphite, and said at least two second electrodes are 
made of carbon. 

14. An arc electrode assembly, for producing 
carbon nanostructures , comprising: 

a chamber; 

a first electrode disposed in said 
chamber, said first electrode having a first end, a 
second end, a longitudinal axis extending between said 
first end and said second, and a body having a central 
bore extending along said longitudinal axis, wherein 
said first end includes a sloped surface which extends 
in a direction oblique to said longitudinal axis; and 

a second electrode disposed in said 
chamber and having a first end and a second end, said 
second- electrode second end being disposed adjacent to 
said sloped sxirface so as to form a gap therebetween, 

wherein at least one of said first 
electrode and said second electrode contains carbon. 

15. The arc electrode assembly according to 
claim 14, wherein said central bore is a blind bore 
extending from said sloped surface into said first- 

31 



wo 02/47109 




PCT/JPOl/10712 



electrode body so as to form a bottom surface. 
16 . The arc electrode assembly according to 

claim 15, wherein said first electrode is disposed 
below said second electrode so that unwanted byproduct 
5 deposits are collected in said central bore. 

17- The arc electrode assembly according to 

claim 14, wherein said sloped surface has a plurality 
of holes formed therein • 

18, The arc electrode assembly according to 
10 claim 17^ wherein said plurality of holes includes 

holes of different depths. 

19. The arc electrode assembly according to 
claim 14, wherein said central bore extends entirely 
through said first electrode so that said first- 

15 electrode body is tubular, said arc electrode assembly 

further comprising a pump communicating with said 
central bore so as to pump material from said chamber 
through said central bore. 

20- The arc electrode assembly according to 
20 claim 19, further comprising a collection box disposed 

between said pump and said central bore so as to 
receive material pumped through said central bore. 

21- The arc electrode assembly according to 14, 
further comprising at least two of said second 

25 electrodes. 

22. The arc electrode assembly according to 

claim 21, further comprising an adjusting mechanism 
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connected to said second-electrode first ends and to 
said chamber so that said second electrodes are 
movable with respect to one another and are movable 
with respect to the first electrode, 

23- The arc electrode assembly according to 

claim 21, wherein: 

said first electrode is disposed below 
said at least two second electrodes; 

said first electrode is connected to a 
positive potential so that said first electrode acts 
as an anode, and said at least two second electrodes 
are connected to a negative potential is negative so 
that said at . least two second electrodes act as 
cathodes ; and 

said first-electrode body has a central 
bore therein and defines a longitudinal axis, said 
central bore extending entirely through said first 
electrode so that said first-electrode body is tubular, 
whereby gas can be introduced into said chamber 
through said central bore. 

24. The arc electrode assembly according to 
claim 21, wherein said at least two second electrodes 
are spaced from one another, and are spaced from said 
first electrode so as to produce a converged arc. 

25. The arc electrode assembly according to 
claim 21, wherein said first electrode is mounted for 
rotation with respect to said at least two second 
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electrodes * 

26. The arc electrode assembly according to 

claim 14, wherein said first electrode is made of 
graphite, and said second electrode Is made of carbon. 
5 27- A process for producing carbon 

nano structures comprising : 

disposing a first graphite electrode and 
at least two carbon second electrodes in a chamber, 
having walls, so that said at least two second 
10 electrodes axe opposed to said first electrode across 

a gap; 

providing an atmosphere inside the 
chamber, wherein said atmosphere includes an inert gas 
and a first pressure; and 

^5 providing a voltage across said at least 

two second electrodes and said first electrode so as 
to form an arc between each of said at least two 
second electrodes and said first electrode, to produce 
carbon nanostructures , 

20 wherein said step of disposing includes 

disposing said at least two second electrodes so that 
when said voltage is provided, said arcs combine. 
28- The method of producing carbon 

nanostructures as set forth in claim 27, wherein said 

25 first electrode includes a bore therethrough, and said 

method further comprises: 

providing a suction through said bore so 
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as to draw said gas and the carbon nanostructures out 
of said chajnber, whereby the carbon nanostructures are 
annealed by heat from said first electrode; 

providing a supply of gas to said 
5 chamber so as to maintain said chamber at said first 

pressure. 

29. The method of producing carbon 
nanostructures as set forth in claim 28, wherein said 
step of providing suction includes providing an amount 

10 of suction which prevents an appreciable amount of 

soot from forming on said walls . 

30. The method of producing carbon 
nanostructures as set forth in claim 27, wherein said 
first electrode includes a bore therethrough, and said 

15 method further comprises: 

introducing organic vapor and catalyst 
into said chamber by passing said organic vapor and 
catalyst through said bore and through said arcs, 
wherein said catalyst and organic vapor are heated by 

20 said first electrode before said organic vapor and 

catalyst are passed through said arcs. 
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DESCRIPTION OF REFERENCE NUMERALS 

1 chambei* 

2 chamber walls 

3 inner wall surface 

4 cooling fluid inlet 

5 chamber interior 

6 chamber inlet 

8 cooling fluid outlet 

10 chamber outlet 

12 observation window 

14 connector 

16 outlet tube for first electrode 

16' inlet tube for first electrode 

18 collection box 

19 pump 

20 first graphite electrode 

21 first end of first electrode 
23 sloped surface 

2 5 holes in sloped surface of first electrode 

27 body of first electrode 

29 central blind bore 

2 9' central through bore 

31 longitudinal axis of first electrode 

33 second end of first electrode 

40 second electrode(s) 

41 first end of second electrode(s) 
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42 second end of second electrode(s) 

45 spacing between second electrodes 

47 gap between first and second electrodes 

50 adjusting mechanism 

52 plate 

54 screw-threaded stud 

56 nut 

A horizontal adjustment direction 

B vertical adjustment direction 
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